Introduction {#S0001}
============

Diabetes mellitus (DM), is a widespread chronic metabolic disease that encompasses a series of syndromes such as diabetic nephropathy (DN), retinopathy, and gangrene. DN is one of the risk factors leading to end-stage renal failure that increases the rate of mortality in DM patient.[@CIT0001]

Toll-like receptors (TLRs) play important roles in the innate immune system by mediating immune and inflammatory reactions. TLR4 is activated by lipopolysaccharide (LPS) and recruits myeloid differentiation factor 88 (Myd88), subsequently increasing the expression of nuclear factor-κB (NF-κB). NF-κB is a crucial in inflammatory response that stimulates the production of TNF-α and IL-6.[@CIT0002],[@CIT0003] Researchers have demonstrated that the TLR4 signalling pathway is associated with the development of diabetic nephropathy.[@CIT0004]

Averrhoa carambola L. is an ancient medicinal plant that is used to treat coughs, diabetes and promote digestion. In a previous study, we found that 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione (DMDD) extracted from the dry roots of *Averrhoa carambola L*. significantly reduced the fasting blood sugar level in diabetic mice and effectively ameliorated diabetic nephropathy.[@CIT0005] However, the exact mechanism by which DMDD alleviates diabetic nephropathy remains unknown. In this study, we used WT and TLR4 knockout mice to investigate the mechanism of DMDD protection against diabetic nephropathy in vivo.

Materials and methods {#S0002}
=====================

Plant material and production of DMDD {#S0002-S2001}
-------------------------------------

*A. carambola L*. was received from Lingshan County, Guangxi Autonomous Region, China and the DMDD was isolated from 60% aq. EtOH extraction of *A. carambola L*. root as previously described.[@CIT0006] DMDD was dissolved in distilled water (2.5 mg/L) before being administered to the mice.

Animals and experimental design {#S0002-S2002}
-------------------------------

TLR4 knockout mice (KO, male, 6--8 weeks old) and wild-type mice (WT, male, 6--8 weeks old) were obtained from the Model Animal Research Centre of Nanjing University (Nanjing, China). Mice were maintained in an SPF-level animal centre with a controlled temperature of 20 °C- 25 °C, 48% −52% humidity and a 12 h light-dark cycle at Guangxi Medical University. All experiments were performed with approval from the Institutional Animal Care and Use Committee of Guangxi Medical University. Animal ethics review follows the Guiding Opinions on the Treatment of Laboratory Animals issued by the Ministry of Science and Technology of the People's Republic of China and the Laboratory Animal-Guideline for Ethical Review of Animal Welfare issued by the National Standard GB/T35892-2018 of the People's Republic of China. After 7 days of adaptive feeding, 6 WT mice and 6 KO mice were randomly selected for WT and KO normal control groups (WT NC group and KO NC group) fed with a standard chow diet. The other mice were fed a high-fat diet. The NC groups were administered an intraperitoneal injection of physiological saline, and the other mice were injected with 100 mg/kg streptozotocin (STZ) in the abdominal cavity after 8 h of fasting. After 3 days, mice with a fasting blood glucose (FBG) level≥11.1 mmol/L, were selected as diabetic mice. Then, the WT mice and the KO mice were distributed into the following 6 groups (n=6/group) in the same form: normal control group (NC), diabetic nephropathy group (DN), gliquidone group (10 mg.kg^−1^.d^−1^, G), high dosage DMDD group (50 mg.kg^−1^.d^−1^, H), medium dosage DMDD group (25 mg.kg^−1^.d^−1^, M), and low dosage DMDD group (12.5 mg.kg^−1^.d^−1^, L). The body weight and FBG were measured every week, and the mice were sacrificed after treatment with DMDD for 4 weeks. The blood samples were collected and centrifuged separate the serum, and the kidney samples were rapidly obtained and weighed. All tissues and serum samples were cryopreserved at −80 °C until analysis.

Intraperitoneal glucose tolerance test (IPGTT) {#S0002-S2003}
----------------------------------------------

After the mice were fasted overnight (with free access to drinking water) for 16 h, 25% glucose solution was administered to the mice by intraperitoneal injection, the dose was calculated according to 2 g/kg of glucose, and then blood glucose was taken for determination at 0, 15, 30, 60 and 120 min.

Insulin tolerance test (ITT) {#S0002-S2004}
----------------------------

After the mice were fasted for 4 h, 0.75 U/kg of insulin was administered by injection intraperitoneally, and blood glucose was quickly measured at 0, 30, 60, and 90 min.

Measurement of TC, TG, HDL, LDL,Scr, and BUN in the serum {#S0002-S2005}
---------------------------------------------------------

The levels of TC, TG, HDL, LDL, Scr, and BUN in the serum were measured by an automatic biochemical analyser.

Biochemical index assays {#S0002-S2006}
------------------------

TNF-α (Elabscience Biotechnology Co., Ltd, China) and IL-6 (Elabscience Biotechnology Co., Ltd, China) levels in the kidney tissue were measured according to the instructions of the ELISA kit.

Observation of renal ultrastructure {#S0002-S2007}
-----------------------------------

The renal tissues were immediately sheared into small pieces after removal from the mice, and then the pieces were placed in 2.5% glutaraldehyde at 4 °C for 2 h. Next, tissues were fixed in 1% osmium tetroxide for 2 h, embedded after ethanol and acetone dehydration, cut into slices, dyed, and observed by an electron microscope(HITACHI H-7650).

Real-time polymerase chain reaction (RT-PCR) {#S0002-S2008}
--------------------------------------------

Total RNA was extracted from renal tissue by using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, and the RNA was reverse transcribed to complementary DNA (cDNA) using the PrimeScript RT reagent kit and gDNA Eraser. The sequences of the primers are shown in [Table 1](#T0001){ref-type="table"}. RT-PCR was processed by a 7300 real-time PCR detection system (Applied Biosystems, Foster City, CA, USA). β-actin was used as a reference gene. The results of the real-time PCR were calculated by the 2^-△△Ct^ method. Table 1Primer sequences used in this studyTarget geneForward primerReverse primerTLR4TCCTGTGGACAAGGTCAGCAACTTACACTCAGACTCGGCACTTAGCAMyD88TACAGGTGGCCAGAGTGGAAGCAGTAGCGATAAAGGCATCGAANF-кBGAACGATAACCTTTGCAGGCTTTCGATTCCGCTATGTGTGβ-actinCATCCGTAAAGACCTCTATGCCAACATGGAGCCACCGATCCACA

Western blotting analysis {#S0002-S2009}
-------------------------

Protein was extracted according to the RIPA buffer manufacturer's instructions (Solarbio, China); the BCA method was used to calculate the concentration. Equal amounts of protein were subjected to 10% SDS-PAGE and then transferred to PVDF membranes which were incubated with antibodies including anti-TLR4 (1:1000), anti-MyD88 (1:1000), anti-NF-κBp65 (1:1000), and anti-β-actin (1:10,000) at 4 °C overnight. Next, the membranes were incubated in secondary antibody (goat anti-rabbit IgG1:10,000) for 1 h. Proteins were revealed using the eikonogen ECL method. The grey values of the protein bands were analysed by ImageJ software.

Statistical analysis {#S0002-S2010}
--------------------

The data analysis was executed by SPSS16.0 and GraphPad Prism6.0.Statistical significance was evaluated by one-way analysis of variance (ANOVA), while multiple comparisons between the groups were performed using the S-N-K method. A value of *P*\<0.05 indicated statistical significance.

Results {#S0003}
=======

Effects of DMDD on the body weight of diabetic mice {#S0003-S2001}
---------------------------------------------------

Body weight is an important index of diabetes. The body weight of normal mice gradually increased compared with that of the DN group mice, and the body weight of the diabetic nephropathy mice significantly decreased from 1 week. Compared with the untreated model mice, the mice administered gliquidone and DMDD displayed increased body weight ([Figure 1](#F0001){ref-type="fig"}).Figure 1Effect of DMDD on the body weight of the WT and KO groups (n=6). NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). The data are presented as the mean ± SEM. A, B, D, and E: compared with those of the same period of the normal control group (*P*\<0.05); a, b, d, and e: compared with those of the same period of the diabetic nephropathy group (*P*\<0.05).**Abbreviations:** DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; WT, wild type; KO, knockout.

Effects of DMDD on the blood glucose levels of diabetic mice {#S0003-S2002}
------------------------------------------------------------

As shown in the [Figure 2](#F0002){ref-type="fig"}, the blood glucose levels of diabetic mice were increased compared with those of normal mice, while the mice administered DMDD and gliquidone had significantly reduced blood glucose levels compared to those of diabetic mice.Figure 2Effect of DMDD on the blood glucose level of the WT and KO groups (n=6). NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). The data are presented as the mean ± SEM. A, B, D, E, and F: compared with those of the same period of the normal control group (*P*\<0.05). d, e, and f: compared with those of the same period of the diabetic nephropathy group (*P*\<0.05).**Abbreviations:** DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; WT, wild type; KO, knockout.

Effect of DMDD on IPGTT and ITT {#S0003-S2003}
-------------------------------

After injection of 25% glucose solution, the blood glucose levels of the DN groups were higher than those of the NC groups. The blood glucose levels of the diabetic mice treated with DMDD were significantly reduced compared with those of the model group.

The insulin tolerance results are shown in [Figure 3](#F0003){ref-type="fig"}. After the intraperitoneal injection of insulin, the blood glucose level of the normal mice began to rise after 60 min. The model group maintained a downward trend. Compared with that of the DN group mice, the blood glucose level of the mice treated with DMDD increased from 60 min.Figure 3Effect of DMDD on IPGTT and ITT (n=6). NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). \**P*\<0.05: compared with the normal control groups. ^\#^*P*\<0.05: compared with the diabetic nephropathythy groups.**Abbreviations: **DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test.

From the results of IPGTT and ITT analysis, it was found that DMDD is a powerful regulator of glucose and insulin intolerance.

Effect of DMDD on the renal function of diabetic mice {#S0003-S2004}
-----------------------------------------------------

The renal function parameters, including serum creatine (Scr) and blood urea nitrogen (BUN) levels, were measured by an automatic biochemical analyser. The levels of Scr and BUN were higher in diabetic nephropathy mice than in the normal control mice, and these levels were significantly abated in the mice treated with DMDD. Compared with that in the high-dosage DMDD group of WT mice, the level of Scr and BUN declined in KO mice without significant differences ([Figure 4](#F0004){ref-type="fig"}). These results indicate that DMDD treatment efficaciously improves diabetic nephropathy.Figure 4Effect of DMDD on the renal function of diabetic mice (n=6). NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). A and B compared with the normal control groups (*P*\<0.05); a, b: compared with the diabetic nephropathy groups (*P*\<0.05).**Abbreviation: **DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione.

Effect of DMDD on the levels of TC, TG, HDL, and LDL in the serum {#S0003-S2005}
-----------------------------------------------------------------

The levels of TC, TG and LDL were higher in diabetic mice than in normal mice, while the HDL was lower in diabetic mice. After treatment with DMDD, the levels of TC, TG and LDL were decreased dramatically accompanied by an increase in HDL in the diabetic mice ([Figure 5](#F0005){ref-type="fig"}). Therefore, DMDD treatment effectively improved dyslipidaemia.Figure 5Effect of DMDD on the levels of TC, TG, HDL, and LDL in the serum (n=6). NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). A and B: compared with the normal control groups (*P*\<0.05); a, b: compared with the diabetic nephropathy groups (*P*\<0.05).**Abbreviation: **DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione.

Effect of DMDD on the levels of TNF-α and IL-6 in kidney tissue {#S0003-S2006}
---------------------------------------------------------------

It has been demonstrated that diabetic nephropathy is related to the inflammatory reaction. In this study, we assessed the levels of the inflammatory factors TNF-α and IL-6 in kidney tissue by ELISA kits. The results revealed that the levels of TNF-α and IL-6 were elevated in the mice injected with STZ compared with those in normal mice. However, the levels of IL-6 and TNF-α were distinctly inhibited after treatment with DMDD (50 or 25 mg/kg). In addition, the production of IL-6 and TNF-α was evidently higher in the WT high-dosage DMDD group than in the equivalent KO group ([Figure 6](#F0006){ref-type="fig"}). Therefore, these results demonstrate that DMDD attenuated inflammation in diabetic mice and that TLR4 deficiency could alleviate the inflammatory response.Figure 6Effect of DMDD on the levels of IL-6 and TNF-α in kidney tissue (n=6). NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). A and B: compared with the normal control groups (*P*\<0.05); a and b :compared with the diabetic nephropathy groups (*P*\<0.05). \#: compared with WT mice( *P*\<0.05).**Abbreviation:** DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione.

Observation of renal ultrastructure {#S0003-S2007}
-----------------------------------

The ultrastructure of the renal tissue was observed by electron microscopy. Compared with normal mouse renal tissue, DN tissue displayed increase incrassation of the glomerular basement membrane with podocytes exhibiting significant fusion significantly . The thickened glomerular basement membrane and the cytomixis of podocytes was attenuated by treatment with DMDD especially in a high dosage ([Figure 7](#F0007){ref-type="fig"}).Figure 7Effect of DMDD on the ultrastructural changes in the renal tissue of WT and KO mice. NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^).**Abbreviations:** DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; WT, wild type; KO, knockout.

Effects of DMDD on the level of TLR4, MyD88 and NF-кb mRNA {#S0003-S2008}
----------------------------------------------------------

The mRNA levels of TLR4, Myd88 and NF-кB in diabetic mice were significantly increased compared with those in the normal control mice. However, the TLR4, Myd88 and NF-кB mRNA levels were notably decreased by DMDD treatment. The TLR4 knockout mice displayed lower TLR4 mRNA levels than the wild-type diabetic mice. Interestingly, the mRNA level of NF-кB was markedly decreased in the TLR4 knockout diabetic mice compared with those in the wild-type mice after administration of DMDD ([Figure 8](#F0008){ref-type="fig"}).Figure 8Effect of DMDD on the mRNA levels of TLR4, MyD88, and NF-κB. NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). A and B: compared with the WT and KO normal controls (*P*\<0.05); a and b: compared with the WT and KO diabetic nephropathy groups (*P*\<0.05); and \#: compared with WT mice (*P*\<0.05).**Abbreviations: **DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; WT, wild type; KO, knockout.

Effects of DMDD on the protein expression level of TLR4, MyD88, and NF-κb {#S0003-S2009}
-------------------------------------------------------------------------

The protein of TLR4/MyD88/NF-κB pathway was significantly elevated in the diabetic mice compared with normal mice and the levels of TLR4, MyD88, and NF-κB were decreased in diabetic mice after supplementation with DMDD in WT mice. On the other hand, the levels of MyD88 and NF-κB were declined by treatment with DMDD in diabetic mice in KO mice. Simultaneously, the expression levels of TLR4, MyD88 and NF-κB were higher in WT mice than in KO mice ([Figures 9](#F0009){ref-type="fig"} and [10](#F0010){ref-type="fig"}).Figure 9Effect of DMDD on the expression of proteins in the TLR4/MyD88/NF-κB pathway. NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^).**Abbreviation:** DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione.Figure 10Effect of DMDD on the expression of proteins in the TLR4/MyD88/NF-κB pathway. NC: normal control, DN: diabetic nephropathy group, G: gliquidone group (10 mg.kg^−1^.d^−1^), H: high dosage of DMDD group (50 mg.kg^−1^.d^−1^), M: medium dosage of DMDD group (25 mg.kg^−1^.d^−1^), L: low dosage of DMDD group (12.5 mg.kg^−1^.d^−1^). A and B: compared with the WT and KO normal controls (*P*\<0.05); a and b: compared with the WT and KO diabetic nephropathy groups (*P*\<0.05); and \#: compared with WT mice (*P*\<0.05).**Abbreviations:** DMDD, 2- dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; WT, wild type; KO, knockout.

Discussion {#S0004}
==========

Diabetes mellitus (DM), a chronic metabolic disease, has become a global health issue with more than 80% of patients with diabetes living in developing countries; the number of people with diabetes may reach 592 million in the next 20 years.[@CIT0007],[@CIT0008] Diabetic nephropathy that develops into end-stage renal disease is one of the severe complications of diabetes. Diabetic nephropathy is prone to produce kidney damage with albuminuria in the USA and China.[@CIT0009] Hyperglycaemia contributes to the progression of DN; it generates glomerular hypertrophy leading to inflammation of glomeruli and also reduces cell numbers and the accumulation of extracellular matrix.[@CIT0010] Accumulating studies have shown that inflammation and innate immunity are essential processes in the development of renal damage from diabetes.[@CIT0011],[@CIT0012] The inflammatory response affects kidney cells through Toll-like receptors (TLRs), especially TLR4, and nuclear factor-κB(NF-κB),proinflammatory cytokines, and the induction of kidney that accelerates DN exacerbation.[@CIT0010],[@CIT0013] Recent studies utilizing TLR4 ablation have demonstrated that TLR4 is involved in renal injuries and alleviates the inflammatory response in diabetes.[@CIT0014]--[@CIT0018] TLR4 signalling pathways are divided into classical myeloid differentiation factor 88 (MyD88)-dependent and MyD88-independent pathways. TLR4 binds to its major adaptor protein MyD88, in turn leading to the phosphorylation of the NF-κB inhibitory protein inhibitor of NF-κB (IκB). Phosphorylated IκB separates and transfers NF-κB in the cytoplasmic resting state into the nucleus, which activates the release of various inflammatory factors.[@CIT0019],[@CIT0020] Studies have shown that TLR4, MyD88 and NF-κB are highly expressed in the renal tissues of DN mice, and their expression levels are positively correlated with renal tissue inflammation and renal tubular epithelial-mesenchymal transdifferentiation; therefore, the TLR4/MyD88/NF-κB pathway is considered to be a major factor in promoting micro-inflammation and interstitial fibrosis in DN kidneys.[@CIT0016],[@CIT0021]--[@CIT0024] Although, we understand more about DN, the treatment of DN remains an unresolved matter.[@CIT0025]

Chinese herbal medicine has existed for thousands of years and plays important roles in the treatment of diseases in China. *A. carambola L.*, which is mainly distributed in the tropics, is a sorrel plant and provides a wide range of pharmacological effects, such as improving digestion, treating coughs and diabetes.[@CIT0026],[@CIT0027] In the past 10 years, we have investigated the effects of *A. carambola L.* in the treatment of diabetes and its complications. The compounds of an ethanol extract and polysaccharide isolated from roots of *A. carambola L.* reduced blood glucose and resisted oxidative stress, and we successfully extracted 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione (DMDD) from the ethanol-extracted compounds. Recently, we used a high-sugar and high-fat diet integrated with low-dosage STZ to generate a diabetic nephropathy mouse model and found that DMDD significantly relieved renal pathological damage, blood urea nitrogen, serum creatinine, blood urea and urine protein levels. Experiments showed that DMDD significantly attenuated the apoptosis of MIN6 cells which induced by Palmitic Acid through inhibiting the TLR4/MyD88/NF-κB signalling pathway.[@CIT0005],[@CIT0028],[@CIT0029] Now, we intend to investigate TLR4 as a target to explore the mechanism of DMDD-mediated protection in diabetic nephropathy, providing experimental basis and theoretical support for DMDD treatment of DN.

In this study, we demonstrated the protective effect of DMDD against diabetic nephropathy by increasing the body weight of diabetic mice, decreasing fasting blood glucose levels and improving kidney functions as well as damage to podocytes. Next, we detected the levels of inflammatory cytokines, observing that the levels of IL-6 and TNF-α were markedly increased in diabetic nephropathy mice but markedly decreased after administration of DMDD, especially at high doses. Finally, we analysed the protein expression levels of TLR4, MyD88, and NF-кB to verify whether TLR4 signalling is the mechanism underlying DMDD-mediated protection against DN. From the PCR and Western blot results, we found that TLR4, MyD88, and NF-кB levels were markedly increased in diabetic mice and decreased in mice treated with DMDD. Interestingly, not only the inflammation reaction but also the proteins of the TLR4/MyD88/NF-кB signalling pathway were lower in KO diabetic mice than in WT diabetic mice.

In summary, we propose that DMDD protects mice against diabetic nephropathy by inhibiting the TLR4/MyD88/NF-κB signalling pathway.
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